Abstract-Thi:; paper treats the development of a full authority, six degree of freedom controller for rotorcraft which provides autonomous, high performance, robust tracking of a specified trajectory. The nominal controller is a two time scale input-output-linearizing controller which exploits the well known nonlinearities in the equations of motion, but ignores the variations in the aerodynamically varying quanti ties. The nominal controller is enhanced with a simple two layer adaptive neural network which accommodates for the variations in the dynamics and guarantees ultimate boundedness of the tracking errors in closed loop. Simulation results are presented employing a high fidelity simulation for the Apache helicopter which has been validated at several flight conditioins against flight test data.
INTRODUCTION
The autonomous control of a helicopter to high accuracies is a very challenging problem due to the extensive nonlinearities in the helicopter dynamics, the changing dynamic properties with flight condition, and basically the inability to characterize the aerodynamics of the vehicle without high levels of fidelity incorporating empirically determined quantities. In particular, traditional proportional+integral+derivative (PID) and single-input-single-output (SISO) frequency domain approaches are very specific to the locally-determined model, while the modern linear approaches do not provide robustness to the swiftly varying nonlinear dynamics. In this paper we extend the work of [ 13 to include an outer loop feedback inversion and we apply the controller to a comprehensive rotorcraft simulation model which is characteristic of the actual vehicle dynamics and is Validated against flight test data for several flight conditions.
. THE FLIGHTLAB SIMULATION
An important step in the validation of a flight control system is its implementation in a nonlinear simulation. A sophisticated simulation model can be used to narrow the gap between controller synthesis and implementation on an actual vehicle. The FLIGHTLAB model of the Apache helicopter uses blade element theory to calculate the forces on the rotor, look-up tables to provide aerodynamic coefficients, elastic modes for the blades and the fuselage, and second harmonic dynamic inflow just to name a few of the aspects related to the comprehensive nature of the simulation model. The system is solved in stages in order to maximize the efficiency and to allow for parallel computation. Because of the look-up tables and solution procedure, it is virtually impossible to obtain an explicit analytical model of the system. Clearly, this makes traditional, modelbased, control design difficult and makes feedback linearization even more so. However, this also makes the controller synthesis procedure more realistic because an analytical model is even more difficult to obtain for an actual helicopter, in particular, due to the uncertainties in the aerodynamic model. The lack of an analytical model leads to the necessity of finding an approximate model of the system and fitting parameters to the model either by using input-output characteristics or by numerical techniques in the simulation.
MATHEMATICAL FORMULATION
In order to efficiently use the inherent controls of the helicopter, the nominal controller to be designed will be based on physical principles of the helicopter, i.e., decoupling of fast and slow dynamics and collective being primarily a force control and cyclic and pedals being primarily moment controls. There is in general a natural time scale separation between the rotational and translation dynamics of the vehicle. When developing a model for control purposes there may be inherent coupling between the inner and outer loop which masks the separation. Therefore, by making some decoupling approximations and by increasing the inner loop bandwidth using feedback, the time scale separation can be artificially forced. The method of forcing the time scale separation is a modification of the work done by Heiges [2] and Prasad and Lipp [3] and it is described in the control law development.
Approximate Equations of Motion
For the purpose of synthesizing a nominal controller, we use a simple linearized representation for the aerodynamics of the vehicle:
(1)
The first six terms in the state vector, x, are the body rates, the next three are inertial positions and the last three are Euler angles. The coefficients of the matrices F and G are partial derivatives evaluated at a nominal hover trim condition and thus F and G represent constant Jacobian matrices. These matrices are obtained from the FLIGHTLAB simulation by trimming the vehicle at the desired flight condition, freezing the integration of the body states, perturbing each state and control by a small amount, and noting the resulting change in the accelerations. A central differencing scheme was used and the resulting accelerations were averaged over 36 rotor revolutions to eliminate the dependence of the approximate model on the rotor azimuth position (and thus the time) and to ensure that the rotor has been trimmed out (a quasi-steady approximation of rotor dynamics). Normalized states and controls were used in order to allow for uniform perturbation sizes, and x is the nondimensional perturbation state vector expressed in the body frame. Define S to be the scaling matrix and x g , , , , to be the state vector in trim, such that
where X B is the total, dimensional state vector with the first six terms expressed in the body frame and the last six terms are the inertial positions and the Euler angles, respectively. The vector ~cg,,,,
is not necessarily zero because X may be nonzero in trim. The system is now defined in the body frame. But desired commands, in general, are in terms of inertial quantities so it is convenient to express the system in a combined inertimuler angle frame (herein denoted inertial frame for simplicity) as follows: Define the body to inertial transformation for the system, L I B (z), so that 21 = L I B ( Z ) Z E I .
Thus, the approximate model from the FLIGHTLB simulation is
produced by the moment controls, i.e., lateral cyclic, longitudinal cyclic, and tail rotor collective are ignored in the outer loop. Additionally, to ensure that the outer loop inversion is truly on a slow time scale, the attitudes are assumed to have steadied out at the pseudocommand values and thus any appearances of 4 and 0 in the equations of motion are replaced with 4 and 0 in the outer loop control laws. The pseudocontrol vector defines the desired dynamic behavior, where the com subscript denotes the commanded value:
where 2 1 is the inertial state vector and
The pitch and roll pseudocommands are computed by considering the commanded tilt on the vehicle:
The body to inertial transformation depends
upon the Euler angles and can be expressed as All commands and pseudocommands are filtered in order to provide rate and acceleration commands. Both the inner and outer loop inversions leave residual dynamics after the inversion. However, if the time scales between the inner and outer loop are sufficiently separated and the dynamics are sufficiently decoupled, then the two time scale inversion process can be considered to be a full state feedback linearization of two independent systems and thus zero dynamics conditions do not become an issue.
Adaptive Control Using Online Neural Networks
To this point the synthesis technique has been presented for the nominal controller for the helicopter dynamics. Nothing has been shown yet to guarantee any robustness or stability of the controller in the presence of the inversion error. In this section, the theory approach presented in [ 13 is applied for the design of a stable adaptation algorithm to be used in conjunction with the nominal controller described in the previous section. This approach provides an ultimate boundedness guarantee in the face of bounded uncertainties, which is presented in [ 11. In this paper we also apply the neuro-controller to the inner loop, but we extend the results by applying an outer loop inversion controller for full authority control and we apply the controller to a comprehensive, validated simulation model which is characteristic of an actual helicopter. The most significant errors and variations are assumed to occur within the inner loop, so the outer loop controller remains fixed. In the following sections we will consider the application of the neural network to the inner loop equations of motion. Development of the network equations--In order to consider the network applied to the inner loop equations, it is convenient to focus only on the dynamics of the Euler angles for analysis. Defining the vector of Euler angles, 
The task now is to perform the reconstruction based on available measurements in the system. Thus, the adaptive control law in each channel is defined as where the vector g is a set of basis functions used to approximate the uncertainty and the vector w is the set of coefficients of each basis function. The update law is designed based on Lyapunov stability of the error signals in the system and is the result of the work of Kim and Calise in [5] and is updated in [6] . The s term is an error metric dependent upon the tracking errors in the system, defined as follows:
where e is the tracking error and A is defined in terms of the Lyapunov equation used to prove stability in Reference [7] . Now define the optimal vector of weights [7] for each channel as w* and let 6 = w -w*.
This enables Equation 21
to be rewritten as
Let which represents the residual inversion error that is unmodeled by the neural network. The vector z consists of all known independent variables of the inversion error. Equation 27 essentially defines 6 as the worst case difference between the inversion error and the best approximation for the inversion error for the given set of network inputs.
RESULTS
In this paper we consider the autonomous tracking of an elliptical tum command. The essence of the command is the performance of three revolutions in yaw at one radsec, while maintaining a constant northbound inertial speed of 50 fps (15 m/s), all other directional speeds zero, and no change in altitude. The selected linear dynamics were taken from Kim [7] as KP = 0.188 and K d = 0.613 for the translational states and K p = 7.0, I<d = 10.6
for the rotational states. These gains provide a closed loop system in which the rotational dynamics are significantly faster than the translational dynamics, and in which the slow dynamics are critically damped, while the fast dynamics are well overdamped. The reason for overdamping the outer loop dynamics is to mask the effects of the unmodeled rotor dynamics, which are unaccounted for in the theory. The adaptation rate was uniformly adjusted as described in Ref [6] and fixed at a value of 2800. This value corresponds the speed of update of the weighting coefficients and does not correspond to any physical quantity in an absolute sense. The selection is, in general, a tradeoff amongst achievable control bandwidth, allowable control activity, and tracking performance. 
CONCLUSIONS
In this paper, a controller design methodology was presented which is applicable to systems with uncertain and rapidly varying nonlinear dynamics. The synthesis exploits knowledge of the dynamics at a nominal flight condition for performing an approximate model inversion of the equations of motion. A simple, low order, neural network is used to accommodate the changing, uncertain dynamics, to provide guaranteed boundedness in the tracking errors. For demonstration, simulation results are presented in a validated, high fidelity simulation model of the Apache helicopter. The command performed is an aggressive, challenging maneuver called the elliptical turn, which brings the vehicle through the entire range of sideslip angles. Because the order of the simulation model is significantly higher than that used for controller design, a particularly high damping ra- tio was specified for the fast dynamics, in order to damp out the transmission of the higher frequency unrnodeled dynamics. Results show very small triicking errors in both inner and outer loop ccm"mded variables throughout the maneuver. The vehicle remained demonstrably stable throughout the maneuver and all controls remained within their allowable limits. The higher order unmodeled dynamics manifest in the system only as low magnitude harmonic vibrations overlaid onto the system responses, although these dynamics are not accounted for in the stability theory. Prasad is a Senior Member of AIAA; a Member of AHS; and Member and Chairman of the American Helicopter Society Technical Committee on Handling Qualities. He has authored or coauthored numerous technical papers on helicopter dynamics and nonlinear control, employing such methods as neural networks and fuzzy logic.
